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Lipidomics analysis
Lipidomics using UHPLC-MS was performed at VTT Technical Research Centre of Finland (Espoo, Finland) was added. The extracts were run on a Waters Q-TOF Premier mass spectrometer combined with an Acquity Ultra Performance LC TM as described earlier (1) .
The column (at 50 °C) was an Acquity UPLC TM BEH C18 2.1 × 100 mm with 1.7 µm particles. The solvent system included A. ultrapure water (1% 1 M NH 4 Ac, 0.1% HCOOH) and B. LC/MS grade acetonitrile/isopropanol (1:1, 1% 1M NH 4 Ac, 0.1% HCOOH). The gradient started from 65% A / 35% B, reached 80% B in 2 min, 100% B in 7 min and remained there for 7 min. The flow rate was 0.400 ml/min and the injected amount was 2.0 µl (Acquity Sample Organizer, at 10 °C). Reserpine was used as the lock spray reference compound. The lipid profiling was carried out using electrospray ionization mode and the data were collected at a mass range of m/z 300-
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The data processing included alignment of peaks, peak integration, normalization and identification. Lipids were identified using an internal spectral library. The data were normalized using one or more internal standards representative of each class of lipid present in the samples: the intensity of each identified lipid was normalized by dividing it with the intensity of its corresponding standard and multiplying it by the Quality control of the method showed that the day-to-day repeatability of control serum samples, and the relative standard deviation (RSD) for identified lipids was on average 14.1% in ESI+ mode and 9.5% in ESI-mode. The internal standards added to all samples (n=125) in the study had an average RSD of 10.8% in ESI+ mode and 8.0% in ESI-mode.
Analysis of hepatic free fatty acids
Fatty acid analysis was performed at VTT Technical Research Centre of Finland (Espoo, Finland). Liver tissue was first homogenized when still frozen (Covaris, CryoPrep CP02, MA) and weighted (ca. 10 mg). The homogenate was spiked with 10 µl of internal standard mixture (DL-Valine at 37 mg/l, heptadecanoic acid at 186.5 5 mg/l, succinic acid-d4 at 62.9 mg/l and DL-Glutanic acid-d5 at 103.5 mg/l) and the samples were extracted with 400 µl MeOH/H2O 1:1 (v/v). The supernatant was collected and evaporated to dryness under gentle flow of nitrogen. The fatty acids were then converted into their methoxime (MEOX) and trimethylsilyl (TMS) derivative(s) by two-step derivatization and analyzed as described earlier (2) . First, 25 µL of MOX reagent was added to the residue, and the mixture was incubated for 60 min at 45 °C. Next, 25 µL of MSTFA was added, and the mixture was incubated for 60 min at 45 °C. Finally, a retention index standard mixture (n-alkanes) and an injection standard (4,4'-dibromooctafluorobiphenyl), both in hexane, were added to the mixture.
GC×GC-TOFMS experiment were carried out on an Agilent 6890 gas chromatograph equipped with a split/splitless injector (Agilent Technologies, Santa Clara, CA), High-purity helium (Aga, Espoo, Finland) was used as the carrier gas in a constantpressure mode with initial pressure of 276 kPa. The first column oven temperature program was as follows: 50 °C (isothermal for 2 min) then 7 °C/min to 240 °C, and, 6 finally, 25 °/min to 300 °C (3 min). The second dimension column oven temperature was maintained 20 °C higher and the programming rate and hold times were similar than in the first dimension. The temperature of the transfer line was maintained at 260 °C and ion source at 200 °C. Modulation time was 4 s. Electron impact ionization was applied at 70 eV, and the mass range from 45 to 700 amu with 100 spectra/s were measured.
Automatic peak detection and mass spectrum deconvolution were performed using a peak width set to 0.2 s. Peaks with signal-to-noise (S/N) values lower than 100 were rejected. The S/N values were based on the masses chosen by the software for quantification. ChromaTOF version 4.32 was used for the raw data processing. The peak areas from total ion chromatography (TIC) were used for most of the compounds; for compounds that were quantified with the ChromaTOF software, peak areas of selected characteristic m/z were used.
Next, the data files obtained by the ChromaTOF software were exported to text files and in-house developed software Guineu16 was used for aligning and normalization of compounds in different data sets for further analyses. The original GC×GC-TOFMS data includes retention times, retention indices (I), spectral information for possible identification, spectral similarity value (S=0-999), and peak response data.
The linear retention indices were calculated based on the total (=sum of the first and the second dimension) retention times of the compounds and the retention times of the retention index standards (n-alkanes). The second dimension retention time is so short Quantitation was based on external calibration of each specific fatty acid, normalised by the internal standard. Quality control of the method showed that the day-to-day repeatability of control serum samples, and the relative standard deviation (RSD) for fatty acids was on average 10.3%. The internal standards added to all samples (n=125) in the study had an average RSD of 12.3%.
Cluster analysis of liver lipidome
A total of 1458 lipids were measured and 324 identified. The lipidomic data were decomposed into 11 lipid clusters (LCs), which largely adhered to different functional or structural groups of lipids (Supplementary Table 1 ). After log2 transformation, lipidomics data of each lipid species were scaled to zero mean and unit variance. The average profile of each cluster was represented by the mean value of all lipids contained. The comparisons of clusters between subgroups ('High HOMA-IR' vs.
'Low HOMA-IR'; 'PNPLA3 148MM/MI ' vs. 'PNPLA3 148II ') were visualized by bar plots ( Supplementary Fig. 2 ).
In the 'High HOMA-IR' compared to the 'Low HOMA-IR', LCs containing ceramides and dihydroceramides (LC1), DAGs, saturated and monosaturated TAGs (LC5), and polyunsaturated TAGs (LC8, LC10 and LC11) were increased (Supplementary Table 1 and Supplementary Fig. 2, top panel) . In the PNPLA3 148MM/MI compared with the PNPLA3 148II group, LC1 and LC5 were not different ( Supplementary Fig. 2, bottom panel) . Clusters containing mostly polyunsaturated TAGs (LC8, LC9, LC10 and LC11) differed significantly (Supplementary Table 1 and Supplementary Fig. 2, bottom panel) . These lipid species (TAGs, DAGs, ceramides and dihydroceramides) were therefore the focus for further analysis.
Assessment of abundances of lipid species
After log2 
HOMA-IR cut-off for NASH
To determine the HOMA-IR cut-off differentiating subjects with and without NASH, the subjects were randomly divided into discovery (n=83) and validation cohorts (n=42) to build and validate the model, respectively. All study subjects were used as a second validation cohort (n=125). The optimal cut-off was calculated using the Youden index. The HOMA-IR value with best sensitivity and specificity was equal to 3.379. The area under the receiver operating characteristic curve was 0.6788 (0.5635 -0.7941), sensitivity was 0.72 and specificity was 0.62. The positive predictive value of the cut-off was 0.321 and the negative predictive value was 0.899.
Paired analyses of HOMA-IR and PNPLA3 with 4 groups
In addition to dividing the subjects into 2 groups separately based on median HOMA-IR and based on the PNPLA3 I148M genotype, we also divided the subjects simultaneously into 4 groups based on these 2 risk factors of NAFLD ('High HOMA-IR and PNPLA3 148MM/MI ', 'High HOMA-IR and PNPLA3 148II ', 'Low HOMA-IR and PNPLA3 148MM/MI ' and 'Low HOMA-IR and PNPLA3 148II ' groups ( Supplementary   Fig. 1 ). Comparison of 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'Low HOMA-IR, PNPLA3 148MM/MI ' was used to study the impact of insulin resistance alone on the liver lipidome. Comparison of 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'High HOMA-IR, PNPLA3 148II ' group was used to study the effect of the PNPLA3 I148M gene variant alone on the liver lipidome.
Characteristics of the study groups
Characteristics of the four subgroups based on simultaneous division by median HOMA-IR and the PNPLA3 I148M genotype are shown in Supplementary Table 2 .
All groups had similar age, gender and BMI (Supplementary Table 2 , Supplementary   Fig. 6 ).
Impact of insulin resistance on the liver lipidome
The 'High HOMA-IR and PNPLA3 148MM/MI ' group had higher waist circumference, HOMA-IR and fasting serum insulin, plasma glucose, triglycerides and ALT concentrations as compared to the 'Low HOMA-IR and PNPLA3 148MM/MI ' group (Supplementary Table 2 , Supplementary Fig. 6 ). The former group also had higher liver fat and NASH % (Supplementary Table 2 , Supplementary Fig. 6 ) as compared to 12 the latter group. The distribution of PNPLA3 genotype was similar in both subgroups (Suppl. Table 2 ).
Impact of the PNPLA3 I148M gene variant on the liver lipidome
The 'High HOMA-IR and PNPLA3 148MM/MI ' group had higher NASH % and AST concentration and lower platelet count as compared to the 'High HOMA-IR and PNPLA3 148II ' group. Liver fat displayed increasing trend in the former as compared to the latter group, but the difference did not reach significance (Supplementary Table 2 , Supplementary Fig. 6 ). Waist circumference, HOMA-IR, fasting serum insulin, plasma glucose and triglycerides were similar in the subgroups ( Supplementary Fig.   6 ).
Liver TAGs
The livers in 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'Low HOMA-IR and PNPLA3 148MM/MI ' group were enriched in TAGs containing 48-60 carbons and 0-5 double bonds ( Supplementary Fig. 7 , panel on the left). In 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'High HOMA-IR and PNPLA3 148II ' group, the livers were enriched in TAGs containing 50-60 carbons and 3-11 double bonds ( Supplementary   Fig. 7 , panel on the right).
Liver ceramides
Concentrations of 14 out of 17 ceramide species were significantly increased in the livers of the 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'Low HOMA-IR and PNPLA3 148MM/MI ' group ( Supplementary Fig. 8 , panel on the left). Hepatic ceramide 13 concentrations were similar in the 'High HOMA-IR and PNPLA3 148MM/MI ' vs. 'High HOMA-IR and PNPLA3 148II ' groups ( Supplementary Fig. 8 , panel on the left). Supplementary Fig. 1 . A four-circle Venn diagram illustrating the allocation of the subjects to groups. The sum of numbers inside each circle denotes the total number of subjects in a group. The numbers in the overlapping areas of a circle denote the division of the subjects into subgroups (i.e. 'High HOMA-IR' group has a total of 62 subjects, of whom 32 are also included into 'PNPLA3 148II ' group and 30 into 'PNPLA3 148MM/MI ' group). 
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